Total parental expenditure of mammals and birds has been predicted to increase with litter or brood size, but data from rodents provide little support for this prediction. We examined the effects of natural variation in litter size on parental nest attendance in pine (¼ woodland), prairie, and meadow voles housed in seminatural environments. In all 3 species, mothers spent less time in the nest with large litters than with small; time spent in the nest by fathers was unaffected by litter size. We suggest that failure to meet the prediction of increased parental expenditure with increased litter size reflects basic differences in the manner in which mammals and birds feed altricial young.
Models of parental care in birds and mammals predict that total parental expenditure increases with brood or litter size (reviewed in Clutton-Brock 1991) . Nevertheless, few clear patterns have emerged from studies on the effects of litter size on maternal care in rodents (Mendl 1988) . Patterns of behavior such as nursing, licking young, and nest building do not consistently vary with litter size either within or across species. For example, studies comparing maternal care of small versus large litters of rats (Rattus norvegicus) show that licking of young either did not vary with litter size (Fuemm and Driscoll 1981) or occurred more frequently in smaller litters (Leigh and Hofer 1973) . In contrast, maternal licking of young occurred more frequently in larger litters of gerbils (Meriones unguiculatusElwood and Broom 1978) . The most consistent pattern to emerge is that mother rodents spend more time in the nest with small litters than with large litters. This pattern contrasts with predictions of parental care models. Greater maternal time with small litters occurs in rats (Ader and Grota 1970; Leigh and Hofer 1973) , mice (Mus musculus -Priestnall 1972) , gerbils (Elwood and Broom 1978) , and golden hamsters (Mesocricetus auratus-Guerra and Nunes 2001). The single exception concerns social voles (Microtus socialis), in which maternal time in the nest did not vary with litter size (Libhaber and Eilam 2004) . Finally, maternal aggression toward unfamiliar male conspecifics (a less well-studied behavior) increased with litter size in mice (Maestripieri and Alleva 1990) and bank voles (Myodes glareolus- Jonsson et al. 2002) , a pattern consistent with parental care models.
The relationship between paternal care and litter size has been examined in only 2 species of rodents, gerbils and social voles. Male gerbils contacted and licked young more frequently when litters were large, engaged in more nest building when litters were small, but spent similar amounts of time in the nest with small and large litters (Elwood and Broom 1978) . Crouching over young was positively correlated with litter size in social voles; however, time spent by fathers in the nest with young, licking young, and retrieving young did not differ between fathers of small versus large litters (Libhaber and Eilam 2004) .
Inconsistent findings in maternal and paternal response to litter size in rodents may reflect interspecific and intraspecific variation. Alternatively, inconsistencies may reflect differences among studies in testing environments, definitions of behavioral categories, sizes of litters chosen for study, or whether litter sizes are natural or artificially adjusted Mendl 1988) . At present, it is impossible to distinguish between the explanations of interspecific variation and methodological differences because all studies to date have been of single species and have used different methodologies.
Ours is the 1st study to compare different species rearing small and large litters under identical testing conditions.
We examined the effects of litter size on maternal and paternal care in 3 species of voles: pine voles (also known as woodland voles-Microtus pinetorum), prairie voles (M. ochrogaster), and meadow voles (M. pennsylvanicus). Most rodents rear young in covered nests or underground burrows, making parental behavior difficult to study in nature, and all studies of litter size to date have been conducted under laboratory conditions, and almost all in laboratory cages. To approximate natural conditions, we observed voles caring for offspring in seminatural environments that provided more space and cover than standard laboratory cages; previous studies have revealed that these seminatural environments yield patterns of nesting and social behavior consistent with field data for each of the 3 study species (McGuire and Novak 1984; Oliveras and Novak 1986; Wang and Novak 1992) . Most investigators artificially adjust litter size by removing young from litters (Elwood and Broom 1978; Grota 1973; Guerra and Nunes 2001) , transferring young between litters (Fuemm and Driscoll 1981; Jonsson et al. 2002) , or pooling young followed by random allocation to litters (Priestnall 1972) . Consistent with our efforts to examine parent-young interactions under the most natural conditions possible in a laboratory environment, and to avoid the complications associated with artificial manipulation of litter size Mendl 1988) , we studied litters that varied naturally in number of young. To control for possible effects of parity, we observed pairs rearing their 2nd litters.
We focused on the time that parents spent in the nest with offspring. ''Time in the nest with offspring'' has been used extensively in the literature on parental care in rodents, either as a single overall measure of direct parental care (Ader and Grota 1970; or in addition to specific categories of parental behavior such as nursing or licking young (Elwood and Broom 1978; McGuire and Novak 1984; Priestnall 1972) . Direct parental care includes behaviors that have an immediate physical impact on offspring. In rodents, direct parental care includes: nursing, licking young, huddling with young, and retrieving young (see, e.g., McGuire and Novak 1984) . Retrieving is the only one of these direct parental behaviors that occurs largely outside of the nest and thus is not included in our measure ''time in the nest with offspring.'' However, pup retrieval occurs so infrequently (typically only on the 1st day that young make their initial, short forays from the nest) and for such short durations in these 3 species (McGuire and Novak 1984) , that we consider it inconsequential to an assessment of time spent in overall direct parental care across the 20-day period in which young voles are in the nest. To avoid the potentially confounding effects of female receptivity and mating behavior, we began our observations when young were 3 days old. Female pine, meadow, and prairie voles undergo a postpartum estrus when young are 1-2 days old Lee et al. 1970; Witt et al. 1990) . By delaying data collection until 3 days postpartum, we avoided recording aspects of nest attendance that may have been due to mating interactions between adults.
Although nest attendance by males might function, in part, to ensure future mating opportunities with the resident female at the next postpartum estrus, the fact remains that males of these species provide direct care to young whenever they are in the natal nest (Gruder-Adams and Getz 1985; McGuire and Novak 1984; Oliveras and Novak 1986; Storey and Snow 1987; Wilson 1982) . Also, male presence can result both in increased growth (Storey and Snow 1987) and survival of young (Getz et al. 1992) . The responses of male voles to females leaving the nest also indicate that ''time in the nest with offspring'' reflects paternal care of young and not simply attendance related to potential mating opportunities. When observed every day from day 1 to day 20 postpartum, male pine and prairie voles always remained in the nest with young when the female left (male meadow voles were in the nest with young too infrequently for their responses to be scored-McGuire and Novak 1984), and intense monitoring of prairie voles pairs through direct observations and videotaping from day 1 to day 3 postpartum (a period that includes postpartum estrus) showed that males remained in the nest with young 92% of the time when females left ). Thus, a male's time in the nest relates to paternal care and not just future mating opportunities.
Our main goals were to determine whether time spent by mothers and fathers in the nest with offspring varied in relation to litter size in our 3 study species, and whether observed patterns of variation would be consistent with predictions of parental care models of increased time in the nest with larger litters. Because we observed males and females of 3 different species rearing small and large litters under identical testing conditions, our examination of parental nest attendance in relation to litter size provides a particularly robust test of the predictions of parental care models. Overall species differences in parental behavior between meadow voles and pine and prairie voles are well documented; meadow voles display lower levels of parental behavior than do pine and prairie voles (Gruder-Adams and Getz 1985; McGuire and Novak 1984; Oliveras and Novak 1986; Wilson 1982) . We expected our analyses to confirm these species differences, while at the same time generating new insights into the factors that influence nest attendance in male and female voles.
MATERIALS AND METHODS
Animals and husbandry.-We observed 10 breeding pairs each of prairie voles, pine voles, and meadow voles from colonies maintained at the Smith College Animal Care Facility. Prairie voles were descendants of individuals captured in Illinois in 1995 and of captive-born individuals introduced in 1998 from a colony at the University of Massachusetts, Amherst. Pine voles were descendants of individuals captured in New York in 1997, and meadow voles were descended from individuals trapped in Illinois and Ohio in 1996, and in Massachusetts in 1998. We housed voles in clear or opaque plastic cages (47 Â 25 Â 20 cm) with stainless steel lids. Each cage contained pine shavings and peat moss for bedding, hay for nesting material and cover, and a water bottle. Voles were fed rabbit chow, rodent chow, sunflower seeds, cracked corn, and oats 3 times a week; we provided apples to breeding pairs from 4 to 6 times a week. Temperature in the colony room was approximately 208C and humidity approximately 50%; the light cycle was set at 15L:9D, with lights on at 0600 h.
Experimental procedures.-All pairs had successfully reared to weaning their 1st litter. When young from the 1st litter were 20 days old, we removed the parents from the cage in the main colony room, dyed fur on the belly of the male with Nyanzol D (black; Albanil Dyestuffs, Jersey City, New Jersey) to easily distinguish him from the female, and placed the pair in a seminatural environment in 1 of 3 nearby experimental rooms. The seminatural environment was a wood-framed pen with a clear acrylic plastic floor (0.6-cm-thick; 1.3 Â 1.3 m) and 70-cm-high sides of aluminum flashing. Each pen contained a peat moss substrate and an 8-to 10-cm-thick continuous covering of hay. Pens were raised 70 cm above the floor on wooden legs so that we could observe voles from beneath. We constructed initial runways in the peat (based on previous studiesMcGuire 2001; McGuire and Sullivan 2001). Soon after placement in the pen, each pair began to build 1 or more nests and to build and maintain runways. Bottoms of runways and nests were cleared by voles down to the clear plastic surface; thus, we could see locations of all animals and observe parentoffspring interactions within nests from beneath the pen. Food, water, temperature, humidity, and lighting in the experimental rooms were identical to those in the main colony room.
Data collection and analysis.-Females gave birth to their 2nd litter 2-4 days after placement in the pens (all females had mated in cages in the main colony room after giving birth to their 1st litters). Average litter size of rodents often approximates one-half the number of mammae (Gilbert 1986 ). We classified litters as small when the number of pups was fewer than or equal to one-half the number of mammae and as large when the number of pups was more than one-half the number of mammae. Pine voles have 4 mammae, so litters with 1 or 2 young were classified as small whereas litters with 3 or more young were large. Published data for pine voles indicate that litter size ranges from 1 to 3, and averages 1.9 offspring . However, litter size in our colony ranged from 1 to 5, and 3 of our 5 large litters had 4 or 5 young. Prairie voles have 6 mammae, so litters with 3 or fewer young were classified as small, whereas those with 4 or more young were large. Litter size for prairie voles ranges from 1 to 8 (Richmond and Conaway 1969) and averages from 3 to 3.5 (Keller and Krebs 1970) . Meadow voles have 8 mammae, so litters with 4 or fewer young were classified as small whereas those with 5 or more young were large. Litter size for meadow voles ranges from 2 to 8 (Colvin and Colvin 1970) and averages from 4.2 to 4.8 young (Keller and Krebs 1970) . Our classifications of litters as small or large were based on the number of young alive on day 3, the 1st day of observation.
We observed 5 small litters and 5 large litters for each species. Beginning on day 3 postpartum and continuing every other day through day 19, we checked each litter every 20 min during a 2-h period (7 checks total) between 1000 and 1800 h. Plots of observation times confirm that the timing of observations within the 8-h period was not biased with respect to species or litter size. During each check, we recorded whether mothers and fathers were in the nest with young. As part of a separate study of suckling behavior of young, we removed all young on days 3 and 9 at a time when mothers were away from the nest, weighed and dyed each, and returned them to the nest. Consistent with previous studies (McGuire 2001; McGuire and Sullivan 2001) , all young were accepted by their parents upon return to the nest. On days 3 and 9, we began checks of parental location with respect to the nest at least 2 h after young were returned to their parents. When young were 20 days old, we removed animals from the pens and returned them to cages in the colony room. Care and use of voles followed guidelines of the American Society of Mammalogists (Gannon et al. 2007) and was approved by the Smith College Institutional Animal Care and Use Committee.
Within each species, we provide descriptive statistics (mean 6 SE, range) for number of young in litters classified as small or large. We used a chi-square test (with Yates correction) to examine differences in survival of young in small and large litters within a species. To assess parental care over time, we totaled the number of checks out of a possible 7 that mothers and fathers were each in the nest and calculated a mean for each parent over 3 periods, each period representing 1 week of the 3-week-long period of parental care: period 1 (days 3, 5, and 7), period 2 (days 9, 11, and 13), and period 3 (days 15, 17, and 19). We analyzed data for male and female parents separately; for each analysis, we used a 3-way analysis of variance with species and litter size as between-subject variables, and period as the repeated measure. Mean values for males and females were square-root transformed before analysis. We used the Student-Newman-Keuls post hoc test to further evaluate significant effects of species, and plotted data to display significant effects of period. All analyses were performed using BMDP 7.0 (BMDP Statistical Software, Inc., Los Angeles, California).
RESULTS
For each of the 3 species, range and mean number of young 6 SE in litters classified as small (n ¼ 5) or large (n ¼ 5), respectively, were as follows: pine voles, 1-2, 1.6 6 0.2, and 3-5, 3.8 6 0.4; prairie voles, 1-3, 2.2 6 0.4, and 4-7, 4.8 6 0.6; meadow voles, 3-4, 3.6 6 0.2, and 5-6, 5.2 6 0.2 young. For pine voles, of the 10 young within small litters, 8 (80.0%) survived to day 20 and of the 21 young within large litters, 19 (90.5%) survived to day 20 (v 2 ¼ 0.06, d.f. ¼ 1, P ¼ 0.81). Survival of young to day 20 in small litters and large litters, respectively, of the remaining 2 species was as follows: prairie voles, 91.7%, 92.6%; meadow voles, 100.0%, 100.0%.
For number of checks that mothers were observed in the nest, we found significant effects of litter size (F ¼ 17.9, d.f. ¼ 1, 24, P ¼ 0.0004) and species (F ¼ 127.6, d.f. ¼ 2, 24, P ¼ 0.0001; Table 1 ). Mothers of small litters were in the nest for more checks (all species combined, mean number of checks 6 SE, 4.4 6 0.4) than were mothers of large litters (3.6 6 0.4), and pine vole and prairie vole mothers were in the nest with young for more checks (both litter sizes combined, 5.2 6 0.2 and 4.6 6 0.1, respectively) than were meadow vole mothers (2.2 6 0.2; Student-Newman-Keuls test, P , 0.01). We also detected a significant species-by-period interaction (F ¼ 9.98, d.f. ¼ 4, 48, P ¼ 0.0001); number of checks that mothers were in the nest with offspring declined more rapidly across the 3 postnatal periods in meadow voles than in pine and prairie voles (Fig. 1A) . No other interactions were significant (speciesby-litter size, F ¼ 1.14, d.f. ¼ 2, 24, P ¼ 0.34; litter sizeby-period, F ¼ 1.10, d.f. ¼ 2, 48, P ¼ 0.34; species-by-litter size-by-period,
For number of checks that fathers were recorded in the nest, we did not detect a significant effect of litter size (all species combined, small litters, 2.4 6 0.4; large litters, 2.6 6 0.5; F ¼ 0.46, d.f. ¼ 1, 24, P ¼ 0.50; Table 2 ). However, we did find a significant effect of species (F ¼ 106.7, d.f. ¼ 2, 24, P ¼ 0.0001; Table 2 ). Specifically, pine vole and prairie vole fathers were in the nest with young for more checks (both litter sizes combined, 3.4 6 0.3 and 3.9 6 0.3, respectively) than were meadow vole fathers (0.2 6 0.1; Student-Newman-Keuls test, P , 0.01). We found no significant effect of period for number of checks that fathers were in the nest (F ¼ 0.18, d.f. ¼ 2, 48, P ¼ 0.83). The species-by-period interaction approached significance (F ¼ 2.19, d.f. ¼ 4, 48, P ¼ 0.08); although number of checks that pine and prairie vole fathers were in the nest remained relatively constant across periods 1, 2, and 3, number of checks that meadow vole fathers were in the nest exhibited a slight increase (Fig. 1B) . No other interactions were significant (species-by-litter size,
DISCUSSION
We found that pine, prairie, and meadow vole mothers of large litters spent significantly less time in the nest than did mothers of small litters. Our findings differ from those of Libhaber and Eilam (2004) , who found no effect of litter size on time spent in the nest by female social voles (M. socialis), the only other species of vole for which data exist. Their study was generally similar to ours in the use of natural variation in litter size and a large testing environment, and in the manner and frequency of observations; vole parents were observed directly (our study) or videotaped (their study) from below the nest every other day throughout the preweaning period. However, whereas Libhaber and Eilam (2004) observed primiparous parents, we observed parents with their 2nd litters. Parity influences maternal care in at least 1 species of vole (Wang and Novak 1994) , and might explain why our results differed from those of Libhaber and Eilam (2004) . Also, Libhaber and Eilam (2004) provided each family group with 2 discrete shelters (overturned ceramic pots) to use as nests within the testing environment, whereas we provided hay cover throughout our seminatural environments. Cover influences the time that voles spend in the nest with young ( nest with their young are less obvious in environments in which cover is provided only at nest sites Novak 1984, 1986; ). Limited cover provided in the study by Libhaber and Eilam (2004) might have obscured effects of litter size, and thereby explain the absence of an effect of litter size on maternal behavior in social voles. Alternatively, our different findings for maternal response to litter size may reflect biologically meaningful differences between social voles and our 3 study species. We consider this explanation for interspecific differences in parental behavior to be less likely than that of methodological variation because social voles and pine and prairie voles exhibit similar patterns of nesting and overall parental care (Libhaber and Eilam 2004) . Female rodents may spend less time with a large litter than with a small litter for at least 5 reasons. Seitz (1958) suggested that mothers of large litters are fatigued and show a general decrease in active behaviors, including those associated with caring for young. Second, the degree of disturbance or discomfort generated by young through their activity, ultrasonic calling, and attempts to attach to nipples is greater in large than small litters, and may cause mothers of large litters to spend less time at the nest (Elwood and Broom 1978; Priestnall 1972) . Third, mothers of large litters may need to spend more time away from the nest foraging in order to meet the greater nutritional demands of providing milk to many young (Mendl 1988) . Mothers of large litters secrete more milk than do mothers of small litters (König et al. 1988; Kumaresan et al. 1967 ) and spend more time eating when away from the nest (Elwood and Broom 1978; Priestnall 1972) . However, provision of food and water directly at the nest site, so that a mother did not have to leave the nest to eat or drink, did not alter the negative relationship between litter size and time spent in the nest (Priestnall 1972) . Fourth, mothers of small litters spend more time at the nest because they must help young maintain their body temperature; in contrast, mothers of large litters can spend more time away from the nest without risking low nest temperatures because their offspring can huddle with several siblings (König and Markl 1987; Priestnall 1972 ; but see Webb et al. 1990 ). Fifth and finally is the observation that mother rats leave the nest in response to increases in their own body temperature (Jans and Leon 1983; Leon et al. 1978) . Mothers of large litters experience more rapid increases in body temperature than mothers of small litters, resulting in shorter bouts in the nest. A more rapid increase in body temperature is predicted for mothers of large litters because the huddle has a smaller ratio of surface area to mass (Leon et al. 1978) . At present it is unclear which, if any, of these explanations might apply to interactions between female pine, prairie, and meadow voles and their young.
Our finding that litter size had no effect on the time that pine, prairie, and meadow vole fathers spent in the nest with offspring is consistent with results for social voles (Libhaber and Eilam 2004) and gerbils (Elwood and Broom 1978) , the only other species for which data on paternal time in the nest in relation to litter size are available. Rodent fathers do not face the nutritional demands of providing milk to their young and it is unknown whether they face thermoregulatory issues similar to those of mothers when simply huddling with offspring. Paternal time in the nest tended to remain relatively constant across days in pine and prairie voles, whereas the number of checks that male meadow voles were in the nest increased slightly over time. This slight increase in paternal time in the nest is consistent with previous descriptions of father-young interactions in meadow voles (Oliveras and Novak 1986) , and likely represents a response by males to decreased maternal aggression with increasing age of young, a pattern characteristic of many nonmonogamous rodent species (McGuire 1997; McGuire and Novak 1986; Wolff and Cicirello 1991) .
Models of parental care in birds and mammals typically predict a positive relationship between parental investment and size of brood or litter (reviewed in Clutton-Brock 1991). In contrast, using time in the nest as an overall measure of direct parental care, we found a negative relationship between time in the nest and litter size for mothers and no relationship between time in the nest and litter size for fathers. Most models of parental care were developed and tested with data from birds (Lazarus and Inglis 1986; Winkler 1987) . However, parents of altricial birds and mammals feed their young in very different ways. An avian parent returning to a nest with food typically feeds only 1 offspring at a time, so the number of parental feeding trips might be closely linked to number of young. Additionally, because both avian parents can feed altricial young, maternal and paternal feeding rates would be expected to increase with brood size in biparental species. In mammals, however, all young within a litter typically feed simultaneously (Bautista et al. 2005; Fraser 1984; Layne 1968; Salo et al. 1994) , rather than sequentially, and thus time spent by the mother in the nest nursing need not so closely correlate with number of young. In female rodents with altricial young, milk production increases with litter size (König et al. 1988; Kumaresan et al. 1967 ), but no consistent relationship has been found between litter size and time spent nursing. Additionally, in contrast to birds in which parental feeding effort (finding, capturing, and carrying food) occurs largely away from the nest, nursing in rodents with altricial young is restricted to the nest where it requires relatively prolonged physical contact between mother and young; such contact may result in increased maternal body temperature which, in turn, may limit time spent nursing and in the nest. Finally, because mammalian fathers cannot nurse their young, paternal feeding of young can only be studied in those species in which fathers bring food back to the nest for weaned offspring. Given that patterns of parental investment in birds and mammals are fundamentally different, we should not be surprised to find that time spent in the nest with young by mothers and fathers does not increase with litter size in rodents or, more generally, all mammals. Indeed, although we could find only limited information on female response and no information on male response in mammalian taxa other than rodents, the information available indicated that, for females, parental behavior either decreased with increasing litter size (Callithrix jacchus- Tardif et al. 2001 Tardif et al. , 2002 ; Saguinus oedipus- Bardi et al. 2001; Price 1992) or did not change in relation to litter size (Sus scrofa-Boe 1994). Although mother sheep (Ovis aries) spent more time licking and nursing twins as compared to singletons (Ewbank 1967; Munro 1956 ), twinbearing ewes do not provide double the care, so individual twins may actually receive less care than singletons (Nowak et al. 2000) . Finally, studies of domestic cats (Felis catus) have revealed no consistent pattern in maternal response to litter size (Lawrence 1981; Mendl 1988; Schneirla et al. 1963 ). Based on our study and the few data available for other species of mammals, we predict that there is not an increase in parental care with increasing litter size in mammals, a prediction that is at odds with prevailing models for parental care in birds and mammals.
